Statistical analysis of the entrance and wall dynamics of a high-flux gas-solid riser was done using solid concentration time series data collected from a 76 mm internal diameter and 10 m high riser of a CFB system with a twin-riser operated at 4.0 to 10.0 m/s gas velocity and 50 to 550 kg/m 2 s solids flux. Spent fluid catalytic cracking catalyst particles with 67 µm mean diameter and density of 1500 kg/m 3 together with 70% to 80% humid air was used. Solid concentration data were analysed using code prepared using FORTRAN 2008 to get statistical parameters and plot their profiles. Results obtained show that the gas-solid suspension flow in the riser is dominated by low solid concentration in the centre region and high solid concentration in the wall region which forms a core-annulus flow structure. The mean solid concentration in the wall region decreases with riser height from the dense bottom section to less dense in the fully developed flow section at the top of the riser. The gas-solid suspension flow in the centre region is dominated with uniform flow structure while the wall region is dominated with high fluctuations in solid concentration. Further, it was found that the entrance and developing flow sections of the riser exhibit high flow non-uniformities than the fully developed flow section of the riser. The flow non-uniformities in the entrance and developing flow section increase with increase in superficial gas velocity at constant solid flux. The wall region, from the entrance to the top sections of the riser along the axial direction exhibits both dilute and dense suspension flow.
Introduction
The advantages of circulating fluidized bed (CFB) riser over other reactors in various industrial applications have resulted to the continued substantial growth of their usage [1] [2] . These reactors provide large interfacial area, high degree of mixing and temperature uniformity with high efficiency and flexibility. However, these reactors are disadvantaged with solid backflows, flow non-uniformities and formation of clusters in some locations [1] [2] . These advantages reduce the efficiency of the gas-solid contacts and selectivity in the CFB riser reactors [1] [2] . Despite of the information found in literatures on their applications and process operations, some information on reactor dynamics especially in the wall region and entrance section is still limited. The gas-solid dynamics in these reactors play an important role in describing their performance [2] . The wall region and the entrance section are locations of the riser with strong interactions between the gas and solid phases [3] [4] . But it is also in these locations where the profiles of solids concentration and the gas-solid suspension flow velocities evolve [3] [4] . Thus, the comprehensive understanding of the complex dynamics exhibited by the gas-solid flow in the wall region and entrance section is very crucial to the proper designing of these reactors and subsequent process operations. The knowledge of the gas-solid flow dynamics can be utilized to improve the reaction characteristics in these reactors and increase their productivity [5] [6] .
Studies have shown that variations of solid concentrations in the gas-solids suspension flow systems in the CFB risers are one of the disadvantages that elevate gas-solid flow non-uniformities [1] . Thus characterizing the temporal variations of solid concentration particularly in the wall region and entrance section of the riser as affected by the gas velocity is paramount to the understanding of the systems dynamics. The common approach employed to investigate and provide a broad insight of the gas-solid flow dynamics in gas-solid flow systems like the CFB riser and downer is the Time Series Analysis (TSA) which uses statistical, spectral and chaos analyses of the measured signals [7] [8] .
While various studies couple some statistical analysis with other approaches like spectral and or chaos analysis, this paper employs and presents a comprehensive statistical analysis of the temporal variations of solid concentration signals by basing the analysis in the wall region and entrance section in comparison to the centre region of the CFB riser. The paper has reviewed and used microscopic or time dependent and macroscopic or averaged parameter statistical methods related to CFB dynamics. Due to many concepts in use, more diverse results are presented in this paper because solid concentration data were collected across several radial positions (11) and axial elevations (8) 
Literature Review

Application of Statistical Tools to Analyse Gas-Solid Flow Dynamics
Statistical analysis is one of the time-series analysis (TSA) techniques that employ various tools or parameters to investigate solid distribution in the gas-solid flow systems. Literatures show that solid particles distribution in the riser reactor during the gas-solid flow operations is highly influenced by solids backflows especially in the wall regions, formation of clusters and flow non-uniformities in the radial and axial profile [1] [2] . Studies have shown that formation of clusters in these reactors is highly attributed to the inter-particle forces, particle-wake interactions, wall-particle interactions and non-uniform introduction of particles [1] . Solid backflows is also related to the loss of momentum which is attributed to various interaction forces. Flow non-uniformities in the axial and lateral directions are an intrinsic characteristic of the gas-solid up-flow riser fluidization systems [9] [10]. Further, it is shown that even the influence of such factors as solid backflows, clusters formation and flow non-uniformities are depicted through statistical analysis of the solid concentration.
Literatures present various studies that investigated the axial and radial distribution of solids in the gas-solid suspension flow system in circulating fluidized bed (CFB) risers and downers using statistical analysis. The study by
Manyele et al. [1] analysed the solid distribution in the CFB riser using statistical analysis of the solid concentration. Further, Manyele et al. [7] employed statistical analysis coupled with spectral and chaos analyses to study the microscopic flow structure of a CFB Downer using solid concentration signals. Results in these studies showed the capability and suitability of statistical tools in analysing the gas-solid flow systems other than the CFB riser. Johnson et al. [11] coupled statistical tools like the mean, standard deviations, skewness and kurtosis with spectral and chaos analyses to describe the flow behaviours in fluidisation operation using pressure fluctuation measurements. Also studies by Zhu and Zhu [12] employed statistical analysis to investigate the flow structures in the bottom region of the CFB riser. Further, statistical analysis has also been used in the analysis of gas-solid flow dynamics using pressure fluctuations measurements. Studies by Lukosi et al. [13] employed statistical analysis to study pressure fluctuations in the circulating fluidized bed riser reactor. Further, Qiu et al. [8] used statistical analysis to investigate the gas-solid flow characteristics in CFB reactor with annular combustion chamber using pressure measurements. All these studies have shown the suitability of employing statistical analysis in studying the gas-solid flow systems using both solid concentrations and pressure fluctuations.
Further, clusters in gas-solid flows in CFB risers can be identified through techniques which base on statistical analysis [4] [14] [15] . The solid distribution in the CFB riser and downers has been of interest in various studies since it affects various aspects of production process such as rate of heat and mass transfer which in turn affects the rate of chemical reactions and s, the radial solid distributions have been shown to be non-uniform with dilute or low solid concentration particularly in the centre region of the riser. Then solid concentration increases slowly in the middle region to dense concentration towards the wall of the riser reactor [17] . This flow behaviour results in what is known as a "Core-annulus" flow structure [3] [7] [16] . However, at higher solid fluxes, G s ≥ 700 kg/m 2 s, the flow structures changes to concave or parabolic curve form with higher concentration towards the wall [16] . Axially, at low solid fluxes such as below 100 kg/m 2 s, the solid concentration profiles are approximately exponential shaped [16] . As the solid flux increases the axial profiles becomes non-uniform with higher solid concentration in the entrance section forming a belly shaped profile, which decreases to dilute or low concentration in the top sections of the CFB riser reactor [1] [12] [16] . Further, solid segregation in the axial and radial directions of the riser has been observed in the gas-solid flow [18] .
Statistical Tools Used in the Analysis of Gas Solid Flow Dynamics
The most used statistical tools or parameters in the analysis of solid concentration includes the Mean, Standard Deviations, Skewness, Kurtosis, Coefficient of Variation, Intermittent Index, Average Absolute Deviation (AAD), Radial NonUniformity Index (RNI) and Probability Density Functions (PDF). In gas-solid CFB riser operation, the mean or average solid concentration gives the average distribution of solid particles in the gas-solid flow suspension around the sampling point [ [22] . It gives a measure of the amplitude of the signal in question [11] . But also it gives the dispersion or spread of values in the probability density function (PDF). Skewness is the third moment of the distribution that gives symmetrical properties of a particular distribution [7] [11]. In gas-solid flow Skewness is used to indicate the symmetrical properties of the solid concentration distribution in comparison to the mean value [8] . It also measures the degree of asymmetry of PDF around its mean. In regards to gas-solid flow, a positive or higher value indicates a segregated gas-solid suspension giving a PDF with relatively longer tail towards higher solid concentration or right tailed PDF while a negative value indicates a skewed data to the left or suspension flow with lower solid concentration than the mean value [7] [8] . Further, asymmetric distribution has zero Skewness while a positive Skewness indicates the right skewed distribution which indicates the flow with higher solid concentration than the mean value [7] [8] [11] .
Kurtosis is the fourth moment of the data signal which indicates the flatness of the distribution in comparison to the normal distribution. It shows whether data are peaked or flat when compared with a normal distribution [8] [11] . A negative or low value indicates a flat distribution and a positive or high value indicates a peaked distribution [8] . The Intermittent Index is the parameter used Engineering in gas-solid flow to quantify solid flow fluctuations and the extent of segregation of the gas-solid suspension [7] . It is used to study the microstructure of the gas-solid suspension. A perfect uniform local suspension flow give a value of zero while a cluster flow with particles segregated into clusters gives a value of one. In general high Intermittent Index shows a highly segregated flow while lower intermittent index shows a more uniform flow and less time dependent gas-solid suspension [7] [22] . When the Intermittent Index is one, the gas-solid flow suspension is termed as "ideal cluster flow" while a perfect Core-annulus flow behaviour; the intermittent index is equal to zero [16] .
Coefficient of variation is a measure of dispersion or scattering tendency of a probability distribution or frequency distribution [19] [23] . It is the measure of the spread or relative variability of a distribution that expresses standard deviation as a percentage of the mean [19] . The CV of a single variable describes the dispersion of a distribution of that variable in a way that does not depend on the variable's measurement unit. The higher the CV, the greater is the dispersion or variation in the variable [19] . In gas-solid suspension flow, the coefficient of The AAD describes the variability of data distribution. As far as the gas-solid flow is concerned the AAD is used to indicate the level of gas-solid flow fluctuations in the CFB riser [11] [18] [23] . The PDF profiles are used to identify the scattering tendency of the gas-solid suspension flow [1] [7] [22] . In gas-sold suspension flow, the PDF of the solid concentration reveals the scattering tendency of the solids in the suspension [7] . The PDF profiles give different shapes in different spatial locations for different operating conditions. This makes PDF a good tool in identifying different states of the gas-solid flow dynamics. A single peaked PDF indicates a single phase dominated flow. While the two peaked PDF profiles represents the existence of the dilute and dense phases. Further, a wider and flatter PDF shows mixed flow state or suspension flow segregation while a tall and narrow PDF indicates less segregated flow [7] [12].
Literature review shows that most of statistical analysis were developed and used separately. This paper combines all parameters to analyse the same data allowing for insight comparison of results and hence deeper understanding of the dynamics.
Methodology
Data Collection
Solid concentration data signals were collected from a 76 mm internal diameter Engineering 
Data Processing and Statistical Profiles Generation
The solid concentration data signals obtained from the experiment were statistically analysed using codes prepared in FORTRAN 2008 to determine the Mean
Radial Non-uniformity Index (RNI) and Probability Density Functions (PDF).
The radial and axial profiles of the computed parameters were plotted and examined. Then interpretation was accomplished by relating various features of the profiles to the gas-solid flow dynamics in the circulating fluidized bed riser. The mathematical formulations of the computed parameters are presented in 
Results and Discussion
The Local Mean Solid Concentration
This study employed the mean ( 
Average Absolute Deviation (AAD 
Standard Deviation of Solid Concentration Signals
The standard deviation ( ( ) s σ ε ) was used to examine the solid concentration fluctuations from the mean values when the riser is operated at different operating conditions. Figure 3 shows the radial profiles of standard deviation of the solid concentration signals for various axial levels of the riser at various operating conditions. Profiles are flat in the centre region with low values of ( ) s σ ε and then increases in the middle region to relatively higher values towards the Engineering 
Skewness (Sk)
Results in Figure 4 present the radial profiles of Skewness in various axial levels Engineering 
Kurtosis (Ku)
In this study Kurtosis (K u ) was used to examine the nature of the solid concentration signal distribution, whether peaked or flat PDF distribution. Figure 5 shows Kurtosis profiles of the solid concentration for various operating condi- 
Intermittent Index (γ)
This study employed Intermittent Index factor to examine both solid flow fluctuations and the extent of segregation in the gas-solid flow suspension; whereby higher values indicate segregated gas-solid flow behaviour and lower values show a more uniform gas-solid suspension. Figure 6 shows the radial profiles of the Intermittent Index for various operating conditions. The Intermittent Index conditions. This might suggests a less segregated and non-fluctuating gas-solid flow which is more likely to occur for the dilute gas-solid flow in the central region of the riser.
Average Absolute Deviation (AAD)
The AAD was employed to examine the average value of the departure of instantaneous data values of solid concentration from the mean value. Figure 7 shows the radial profiles of the average absolute deviation at different operating 
Coefficient of Variation (CV)
The coefficient of variation was used to measure the relative variability or the level of fluctuations of the gas-solid concentration distribution in the riser. In this case higher values in the centre and middle region may suggests presence of low local mean solid concentration which is as shown in Figure 2 . Towards the wall the observed decreases in CV might be due to the increase in local mean solid concentration leading to dense suspension flow.
Radial Non-Uniformity Index (RNI)
The gas-solid flow non-uniformities in the riser were assessed using the Radial Non-uniformity Index (RNI). becomes lower and slightly decreasing due to less non-uniformity which suggests relatively uniform gas-solid suspension flow. However, at the top, Z = 9.42 m the profiles shows an increase in RNI values which might be due to solid backflow induced by the exit effect. Also profiles show that in the entrance section, Z ≤ 3.96 m, the RNI increases with increase in velocity at constant solid flux. This can be due to the increase in solid particle interactions and disorders when the superficial gas velocity is increased. In the fully developed flow section values of the RNI are relatively lower at higher gas velocity when compared with values at lower gas velocity.
Probability Density Function (PDF)
The PDF was used to examine the nature of solid distribution in the gas-solid 
Analysis of Probability Density Function Profiles
Further observation of the shapes of the PDF reveals four different types, i.e. A, B, C and D as summarised in Table 3 . Further, the summary of the study findings showing characteristics of various microscopic and macroscopic parameters are summarized in Table 4 .
Conclusions
From this study the following conclusions can be made:
• The gas-solid suspension flow in the riser is dominated by low solid concentration at the centre and high solid concentration in the wall region forming a core-annulus flow structure.
• The mean solid concentration in the wall region decreases with riser height from the dense bottom section to less dense in the fully developed flow section.
• The gas-solid suspension flow in the centre region is dominated with dilute uniform flow while the wall region is dominated with high fluctuations in solid concentration.
• The bottom and developing flow sections of the riser exhibit high flow non-uniformities than the fully developed flow section of the riser. Engineering • The flow non-uniformities in the bottom and developing flow section increase with increase in superficial gas velocity at constant solid flux due to the increase in particle interactions and disorders of the solid particles in the gas-solid suspension.
• The wall region along the axial direction from the bottom to the top section of the riser has positive skewed, single and double peaked PDF profiles indicating coexistence of both dilute and dense suspension flow.
These conclusions show the strength of statistical analysis as a technique for comprehensive understanding of the gas-solid flow dynamics in the High Flux CFB riser systems using solid concentration signals.
